Purpose The aim of this study was to evaluate a standardized treatment protocol regarding the rate of secondary bone union, complications, and functional outcome. Methods This study was started as a prospective study in a single Level I Trauma Centre between 2003 and 2012. The study group consisted of 188 patients with the diagnosis of an aseptic tibial shaft nonunion. Exchange nailing was performed following a standardized surgical protocol. Long-term followup was analyzed for rate of bone healing and functional outcome. Results Osseous healing was achieved in 182 out of 188 patients (97 %). In 165 out of 188 patients (88 %), bone healing was observed timely and uneventfully after a single exchange nailing procedure. An open approach was necessary in 32 patients (17 %). Twenty-three patients (12 %) required additional therapy such as extracorporeal shock wave therapy. Post-operative complications were observed in seven patients (4 %). Almost all patients demonstrated osseous healing within 12 months, with the majority of osseous healing occurring within six months. A relevant shortening of the fractured tibia was observed in 20 out of 188 patients (11 %). After a median follow-up of 23 months (range 12-45 months), outcome was evaluated using the assessment system of Friedman/Wyman. In summary, 154 out of 188 patients (82 %) had a good functional long-term result. Discussion Reamed intramedullary exchange nailing including correction of axis alignment is a safe and effective treatment of aseptic tibial shaft nonunion with a high rate of bone healing and a good radiological and functional long-term outcome.
Introduction
The gold standard for the treatment of tibial shaft fractures is intramedullary nailing. The technique of closed reduction and intramedullary stabilization follows the principle of biological osteosynthesis and is considered a dynamic stabilization technique resulting in secondary bone healing. Despite progress in surgical techniques and modern implants, impaired bone healing remains a challenging problem, specifically at the tibia where there is limited soft tissue coverage and a high rate of open injuries. The incidence of tibial shaft nonunion or delayed union reported in the literature reaches up to 16.7 % following intramedullary nailing of tibia shaft fractures [1] [2] [3] .
Whereas it is impossible to control injury-dependent risk factors for the development of a tibial shaft nonunion such as an open fracture and severe soft tissue injury [4] , treatmentrelated factors can be addressed. Several factors originating from poor nailing technique such as fracture gap, axis deviation, and the application of small diameter nails and interlocking bolts result in instability of the osteosynthesis [5] . Typically, these fractures are linked with impaired bone healing and present as hypertrophic nonunion as a consequence of insufficient and unstable fracture stabilization. However, the hypertrophic form of tibial shaft nonunion offers the possibility of closed nonunion treatment by applying the principle of exchange nailing to increase mechanical stability and biological stimulation of the bone. Several techniques of treatment have been reported for the treatment of tibial shaft nonunion, most of them with a small number of patients. It is generally agreed that exchange nailing represents the treatment of choice. For non-infected diaphyseal nonunion of the tibia, success rates of 76-96 % have been reported [6] [7] [8] [9] . Several prognostic factors such as time between initial injury and exchange nailing, type of fixation, fracture configuration, and fracture type [10] have been identified. Fracture healing could be achieved after a single nail exchange operation in more than 80 % of the nonunions [7, 11] . However, healing rates of more than 90 % have also been described for alternative methods such as expandable intramedullary implants or plating [12, 13] .
In this clinical trial we evaluated our therapeutic concept of closed revision and reamed exchange nailing for the treatment of aseptic tibial shaft nonunion including removal of the intramedullary nail, limited reaming of the intramedullary canal, and insertion of an intramedullary nail that is larger in diameter than the removed nail, canal filling in size, and offers optimal stability for uneventful bone healing [14] . In cases with healed or stable fibula, in which the intact fibula causes mechanical blockage and prevents dynamization and compression of the tibial fracture, we performed fibula osteotomy as a standard procedure despite this being discussed controversially [8, 15, 16] .
The aim of this study was to evaluate this concept on a prospective and large series of patients and to determine if osseous healing of aseptic tibial shaft nonunion in a high percentage of nonunion can be achieved with the ability to perform correction of axis alignment.
Patients and methods
Between 2003 and 2012, a prospective cohort study was performed in a Level I Trauma Centre, and 188 patients were included who had been treated with intramedullary nailing of a tibial shaft fracture and had developed aseptic tibial shaft nonunion. Written informed consent was obtained from all individual participants included in this study.
Fractures of the proximal and distal fifth of the tibia were primarily excluded from this study. Nonunion was determined clinically and radiologically at least 6 months after the index operation. Clinical signs included persistent pain with weight bearing, and radiological nonunion formation was determined as a lack of radiographic bridging of at least three out of four cortices assessed on antero-posterior (AP) and lateral conventional radiologic views. In cases of doubt, a CT scan was performed to detect radiological nonunion with formation of callus at all four cortices according to Heckman's criteria of fracture healing [17] . Patients with previous or consecutive positive bacterial cultures were excluded from this study to restrict the study group to aseptic tibia shaft nonunion.
Of the 188 patients included in this study, 165 (88 %) were referred for treatment of the tibial shaft nonunion from an outside institution, 23 (12 %) were initially treated at our institution. The study group consisted of 156 (83 %) male and 32 (17 %) female patients with a median age of 43 years (range 16-82). Forty-three out of 188 (23 %) patients suffered tibial shaft fractures as part of a polytrauma injury. Mechanism of injury included motor bike injuries in 82 patients (44 %), car accidents in 54 patients (29 %), sports injuries in 28 patients (14 %), and falls from a height over 3 m in 24 patients (13 %). Nonunion was classified as hypertrophic in 164 patients (87 %) and atrophic/ oligotrophic in 24 patients (13 %). The time between index operation and revision surgery was <six months in 56 patients (30 %) , between six and 12 months in 87 patients (46 %), and >12 months in 45 patients (24 %). More clinical details are summarized in Table 1 .
In our standard surgical procedure the patient was positioned in supine position on a radiolucent operating table. After removal of the nail, care was taken to precisely position the guide wire in the center of the distal tibia. For this purpose, it is helpful to aim at the mid-talar region under fluoroscopic control using AP and lateral views. If both the correct insertion point and central endpoint of the nail are selected correctly, good axis alignment of the tibia shaft can be expected after successful tibia nailing. Sequential reaming was performed using an incremental increase of drill bits with the goal of inserting an exchange nail with an increased diameter of at least 1 mm compared to the initial nail diameter size or at least 10 mm in diameter including interlocking screws with a diameter of 5 mm. Since 5 mm interlocking screws significantly increased rotational stability compared to 4 mm interlocking screws [18] , exchange nails with a diameter of 8 mm (with 4 mm interlocking screws) have not been used for revision surgery in this study. In our standard surgical procedure, all exchange nails were inserted using three interlocking screws distally, one interlocking screw and one compression screw proximally in the advanced locking mode. Even in cases with limited diameter of the intramedullary canal with primarily 7-8 mm unreamed nailing, exchange nails with a diameter of 10 mm were preferentially inserted.
The isthmal region in the intramedullary canal was overreamed with 1 mm more than the determined, final nail diameter. In the reaming process it was ensured that all exchange nails demonstrated good cortical contact, a snug fit and that any fracture gap or dehiscence was avoided. The reaming process was limited to a nail diameter that filled the intramedullary canal and was 2 mm larger than the previous nail. For exchange nailing, T2™-Tibia nails (Stryker, Kalamazoo, Michigan, U.S.A.) were utilized offering the possibility of interfragmentary compression.
Therefore, distal interlocking screws were inserted according to both, manufacturer's instructions and to the findings that the greatest increases in torsional and bending stiffness of intramedullary nails were obtained by increasing the number of locking screws [19] . The tibial torsion was then assessed macroscopically and radiologically.
Consecutively, patients received physiotherapy and were mobilized out of bed. Following wound healing, weight bearing as tolerated was permitted. Until patients had resumed normal activity mobilization, subcutaneous antithrombotic medication was administered.
A radiologic follow-up study was performed after three to seven days following exchange nailing. Following discharge from hospital treatment, patients were followed up at regular office visits. Clinical assessment of wound healing, condition of soft tissues, and pain with weight bearing were recorded and sequential radiologic follow-up studies were requested at regular intervals at six and 12 weeks as well as six months post-operatively. Radiographs were assessed by a consultant of the Department of Radiology blinded to the patients' outcome. The median followup of patients was 23 months with a range from 12 to 45 months. Assessment of functional results was performed using the system of Friedman/Wyman including impairment in activities of daily life, range of motion of hip and knee joints, return to work, return to sports activities as prior to the injury, and pain assessment [20] . Results in this study are presented as median values.
Results
Exchange nailing was carried out as a closed procedure in 156 (83 %) of the patients whereas an open approach was necessary in 32 (17 %) of the patients. In 25 cases of an open approach (13 %), one unit of recombinant human Bone Morphogenetic Protein rhBMP-7 (OP-1 ® , Stryker Biotech, Hopkinton, Massachusetts, U.S.A.) was applied in addition to bone grafting Fig. 1 Time to bone healing of 188 patients with a tibial shaft nonunion treated with reamed intramedullary exchange nailing. In only nine patients (5 %) time to osseous healing exceeded 12 months Fig. 2 Tibial length discrepancy after exchange nailing of 188 patients with a tibial shaft nonunion treated with reamed intramedullary exchange nailing. An example of radiographic measurement of a tibial length discrepancy is demonstrated on the right side according to manufacturer's instructions and to Food and Drug Administration (FDA) approval. A fibular osteotomy was performed in 110 of the patients (59 %) when axial compression was applied and the manoeuvre was mechanically blocked by the fibular length. The median diameter of the extracted nail was 9 mm with a range of 8 to 11 mm. In more than 90 % of the inserted exchange nails, the diameter was 10 mm or more with a median of 11 mm and a range of 10 mm to 13 mm. Dynamic compression was used in 162 of the patients (86 %). The advanced locking mode with axial compression on the dynamic interlocking bolt followed by insertion of an additional locking screw was applied in 21 (11 %) cases with a gap at the nonunion site in order to reduce the distance between the fracture ends. Static locking was observed in the remaining five patients.
Osseous healing was achieved in 182 out of 188 patients with aseptic tibial shaft delayed union and nonunion (97 %). In 165 patients (88 %), bone healing was achieved timely and uneventfully after a single exchange nailing procedure. Seventeen patients (9 %) required additional therapy, and in 11 cases one or more additional operations including multiple exchange nailing (three patients), additional open approach with autologous bone grafting (two patients), or a secondary dynamization of the inlaying exchange nail (nine patients) were necessary. Extracorporeal shock wave therapy (ESWT) was applied in 15 cases (8 %) after exchange nailing. Almost all patients obtained osseous healing within 12 months, with the majority of bone healing occurring after 6 months (Fig. 1) . Postoperative complications were observed in eight patients (4 %). Surgical management was necessary in two cases of impaired wound healing with uneventful recovery and in two cases of haematoma at the iliac bone crest after autologous bone grafting, and in one case a compartment syndrome had to be treated surgically. A deep venous thrombosis was diagnosed in three patients although prophylaxis had correctly been applied.
After bone healing of the tibial nonunion, leg length was clinically assessed and bilateral tibial length was radiologically measured in all patients. A relevant shortening of the tibia was only observed in 20 out of 188 patients (11 %) as demonstrated in Fig. 2 . Secondary osteotomy lengthening with distraction osteogenesis was performed in eight patients with tibial length discrepancy of more than 30 mm (Fig. 2) . Coronal axis alignment was assessed by measuring the mechanical and anatomical axis of the tibia on digitalized conventional x-ray imaging studies using standard software. As demonstrated in Fig. 3 , a varus axis deviation with a median of 10°(range 2-35) was observed in 52 patients while a valgus axis deviation with a median of 7°(range 2-20) was measured in 44 patients after primary intramedullary nailing of a tibial shaft fracture. A correction of axis was possible in almost all cases with a median deviation of only 2°after revision surgery.
For assessment of torsional axis deviation, patients who demonstrated a clinically apparent discrepancy of torsion compared to the unaffected leg underwent a computedtomographic analysis of torsion. Pre-operatively, a total of 18 patients (10 %) with a relevant torsional deviation were identified. Thirteen of them had an external torsional axis deviation with a median of 15°(range 3-28) while five patients demonstrated an internal torsional axis deviation with a 2-25) . If possible, a correction of the torsional axis deviation was performed; however, no routine computed-tomographic analysis was conducted and thus, no post-operative data was available. In addition to bone healing and axis alignment after a median follow-up of 23 (range 12-45) months, functional longterm outcome was evaluated [20] . As demonstrated in Table 2 , 154 out of 188 patients (82 %) had a good functional longterm result.
Discussion
In recent literature, nonunion was the most prevalent complication of tibial shaft fractures and had been developed in up to 27 % of patients, independent of different fixation methods such as intramedullary nailing, locking compression plating, or external fixation [21] [22] [23] [24] . Evidence comparing reamed with unreamed intramedullary nailing for closed tibial fractures indicates that reamed intramedullary nailing may lead to significantly lower risk for nonunion, screw failure, implant exchange, and dynamization without increasing operative complications [21, 25] , whereas the choice for open tibial fractures remains uncertain [26] .
In our study, a standardized protocol of reamed exchange nailing proved to be an effective and safe method in the treatment of aseptic tibial shaft nonunion. In 83 % of cases, closed nonunion treatment was performed without surgical opening of the nonunion site. Reamed exchange nailing and dynamic compression of the nonunion site resulted in increased stability with the possibility of early and unrestricted weight bearing, high patient comfort with little pain and discomfort, as well as good functional outcome [21] . Key steps for successful osseous healing include closed nonunion treatment, correction of axis deviation, limited reaming and biological augmentation by internal reaming graft, increased rotational and axial stability by insertion of an increased nail diameter, and by dynamic compression of the nonunion site. Furthermore, the mechanical stability of intramedullary nailing can be affected by various locking parameters such as number of screws, distance and orientation between screws, blocking of screws, and the surgical technique of freehand locking [19] .
In our study, the mechanical advantage of the increased nail diameter represented the key feature. Penzkofer et al. demonstrated that the axial and rotational stability significantly increased with an increase in nail diameter. In addition, the application of interlocking screws with a diameter of 5 mm significantly augmented rotational stability compared to 4 mm diameter interlocking screws [18] . Insertion of the interlocking screws using a free hand technique results in jamming of the interlocking screw with the nail and with cortical bone, providing inherent angular stability of the construct [27] . This concept is supported by a study on femoral nonunion where a positive correlation between reaming diameter and nail size of at least 2 mm larger than the primary nail and the fracture union rate was demonstrated by Wu [28] . Additionally, the distribution of axial forces and compression at the nonunion site is very important. This can be ensured by applying dynamic compression through the insertion of an interlocking and a compression screw. Post-operative unrestricted weight bearing also contributes to axial compression of the nonunion site.
However, a major concern of the reaming process is the detrimental effect of heat created by the drill bit resulting in necrosis and impairment of bone healing. In order to prevent excessive heat during exchange nailing, a sharp reamer was utilized and the reaming process was limited to a nail diameter that filled the intramedullary canal and was 2 mm larger than the previous nail. An advantageous effect of the first two to three initial reaming steps is the debridement of the intramedullary canal. Fibrotic tissue is removed and can be irrigated. Interestingly, additional beneficial effects of limited reaming have been described recently. Reaming graft has been demonstrated to result in improvement of local biology and stimulation of bone healing at the nonunion site [21] . In addition, utilization of reaming debris instead of stem cells or autologous bone marrow grafting does not require an additional surgical procedure to harvest biological material [29] . Reaming debris contains viable osteoblast-like cells and growth factors, and therefore may act as a natural osteoinductive scaffold. In a sheep tibia model, bones treated with reaming debris showed larger callus volume, increased bone volume, and decreased cartilage volume in the fracture gap, as well as increased torsional stiffness compared to the unreamed group [30] . Other animal models suggested that unreamed and limited reamed intramedullary nails provide improved healing of tibia fractures compared to extensively reamed nails [31] . Limited reaming may induce angiogenesis and may therefore be beneficial for stimulating the amount of bone formation around a critically-sized defect. Several studies have demonstrated that the direction of blood flow reversed from centrifugal to centripetal after loss of the endosteal supply results in a sixfold increase in the periosteal flow compared to the control group composed of unreamed contralateral tibiae [32] . In addition, limited reaming may improve blood flow in the surrounding soft tissues as demonstrated by Schemitsch et al., who conducted a fractured sheep tibia model and found that perfusion in the surrounding tibia muscle was significantly greater in the reamed group compared to the unreamed group [33] . In order to prevent excessive heat during exchange nailing, a sharp reamer should be utilized and the reaming process should be limited to a nail diameter that fills the intramedullary canal and is 2 mm larger than the previous nail.
An additional unique property of the lower leg is the double bone structure with both tibial and fibular bones. Often, rapid osseous healing of the fibula precedes the tibial bone healing causing a mechanical blockage which prevents dynamization and compression of the tibial fracture. The question if and when a fibula osteotomy should be performed is controversially discussed [8, 15, 16] . In cases of tibia nonunion with interfragmentary dehiscence or gap formation, a healed fibula caused mechanical blockage and prevented dynamization and compression of the nonunion site. Therefore, in order to remove nonunion gap and apply interfragmentary compression at the nonunion site, a fibula osteotomy was performed. For fibula osteotomy we typically resect a fibula bone fragment of approximately 1 cm and apply dynamic tension band fixation with the intention of dynamically stabilizing the fibula fragments and providing axis alignment. Alternatively, oblique osteotomy of the fibula can be performed without bone resection. However, fibula healing may occur rapidly and fibula fusion may precede nonunion healing of the tibia resulting in recurrence of mechanical blocking and preventing nonunion compression.
Additional surgical therapy including multiple exchange nailing, additional open approach with autologous bone grafting, secondary dynamization and compression of the inlaying exchange nail, or additional conservative treatment such as ESWT [34] may be necessary in cases, in which nonunion healing was clinically and radiologically prolonged.
In conclusion, reamed intramedullary exchange nailing including correction of axis alignment as described in this study is a safe and effective treatment of aseptic tibial shaft nonunion with a high rate of bone healing and a good radiological and functional long-term outcome.
